The corrosion protection of stainless steel 304 (SS 304) 
INTRODUCTION
SS 304 has found wide applications in a variety of industries. It is covered with a highly protective film of chromium oxyhydroxides and is resistant to corrosion in many aggressive environments. Hydrochloric acid solution readily attacks SS 304. It is possible to reduce the corrosion rate to a safe level by adding inhibitors [1, 2] . It is notable that corrosion never stops however its extension and seriousness can be brought down. Nonetheless, corrosion control is a basic issue from an application perspective and it has been accounted for that inhibitors are should have been utilized which go about as an obstruction to lessen the environment aggressive against the corrosion pitting assault [3] [4] [5] [6] [7] . Among the acid solutions, hydrochloric acid is one of the most widely used regular aggressive solutions [8] [9] [10] [11] . Heterocyclic compounds such as an antibiotic (pharmaceutical drugs) can provide excellent inhibition. These molecules depend at most on certain physical properties of the inhibitor molecules such as functional groups, steric factors, electron density at the donor atom and electronic structure of the molecules [12] . A few researchers have been reminding the use of antibacterial drugs as corrosion inhibitors because of the presence of oxygen, nitrogen and sulphur in their structures as active centers, high solubility in water, high molecular size, non-toxic "environmentally friendly" corrosion inhibitors, important in biological reactions and drugs that can be easily produced and purified [13] [14] [15] [16] [17] [18] [19] [20] . In recent years the use of drugs as corrosion inhibitors for different metals due to their non-toxic nature, namely Cefadroxil, Ciprofloxacin, Norfloxacin, Ofloxacin drugs, Tacrine have paid attention to by some authors [21] [22] [23] .
The use of drugs as corrosion inhibitors is due to the presence of π electrons, hetero atoms in their molecules through which they are either adsorbed or form an insoluble metal complex at the metal surface and inhibit metal corrosion [24] . Clindamycin is an antibiotic useful for the treatment of a number of bacterial infections [25] .
The objective of this study is to investigate the corrosion behavior of SS 304 in 2M HCl at different temperatures in the presence of Clindamycin antibiotic using chemical and electrochemical ZASTITA MATERIJALA 60 (2019) broj 1 4 techniques. The surface morphology of the SS 304 specimens also, was analyzed.
EXPERIMENTAL TECHNIQUES

Materials
For chemical measurements, SS304 specimen with an exposed surface area of (2 x 2 x 0.2 cm) x 2 faces was used and for electrochemical tests, the exposed surface area of metal was1 cm 2 . Prior to each experiment, the surface of SS 304 specimens was abraded with the finest grade emery papers to mirror finish, rinsed with acetone and finally washed with twice distilled water. 
Chemicals and solutions
The pharmaceutical compound has been investigated named Clindamycin which purchased from Memphis company, Cairo, Egypt. The investigated pharmaceutical drug is used as received and chosen because it is easily soluble in water, has a high molecular weight, cheap, available and contains many donating atoms (N, O, and P). All the solutions were prepared from AR grade chemicals using twice distilled water. The aggressive solutions used were made from 37 % HCl, appropriate concentrations of acid were prepared using twice distilled water. 1000 ppm stock solutions from the investigated drug were prepared by dissolving one gram /liter of the solid pharmaceutical drug in twice distilled water; the other concentrations of the pharmaceutical drug (50 -300 ppm) were prepared by dilution with twice distilled water. All the materials used were of AR grade and used as received. 25-45ºC . From the WL results, the (% IE) of the drug, degree of surface coverage (è) and corrosion rate (k corr ) were determined using the following equations [26] :
(1)
were W 1 and W 2 are the weight losses for SS 304 in the presence and absence of the drug, A is the area of the SS304 coupon (cm 2 ), t is the time of immersion (min) and W is the WL (mg cm -2 ) of SS304 after time t (min).
Electrochemical measurements
A three-electrode electrochemical cell was used. The working electrode (WE) was SS 304 of the surface area of 1 cm 2 . Before each experiment, the electrode was abraded using emery papers as before. After this, the electrode was cleaned ultrasonically with ethyl alcohol and washed by twice distilled water. All potentials were given with reference to (SCE). The counter electrode was a platinum plate of the surface area of 1 cm where i corr(free) and i corr(inh) are the corrosion current densities in the absence and presence of inhibitor, respectively.
EIS measurements were performed using the same cell that used in polarization experiments .The EIS carried out over a frequency range of 1 Hz to 100 kHz, with a signal amplitude perturbation of 10 mV. The (% IE) and (θ) of the investigated drug obtained was calculated from the following equation:
where Rº ct and R ct are the charge transfer resistances in the absence and presence of the inhibitor, respectively.
EFM is a non-destructive technique as EIS that can directly and rapidly give values of the corrosion current without prior knowledge of Tafel constants. The great of the EFM is the causality factors, which serves as an internal check on the validity of the EFM measurement.With the causality factors, the experimental EFM data can be verified [28, 29] . Identical cell assembly was used as in impedance studies. All electrochemical measurements were carried out using Potentiostat/Galvanostat/Zra analyzer (Gamry PCI4-G750). A personal computer with DC105 software for potentiodynamic, EIS300 software for EIS and EFM140 software for EMF and Echem Analyst 5.21 was used for data fitting.
Surface Examinations
The specimens of SS304 used for surface morphology examination were immersed in 2 M HCl in the absence (blank) and presence of 300 ppm of Clindamycin at 25°C for one day. The analysis was performed using atomic force microscopy (AFM) (a Pico SPM2100 AFM device) operating in contact mode in the air at Nanotechnology Laboratory, Faculty of Engineering Mansoura University. IR Affinity (Perkin-Elmer) spectrophotometer was used for recording the FTIR spectra to determine the composition of the corrosion product formed on the SS304 surface.
RESULTS AND DISCUSSION
Weight loss (WL) measurements
WL of SS304 was determined, at various time intervals, in the absence and presence of different concentrations of Clindamycin drug. All the experiments were performed at 25-45 o C. Values of corrosion rates (k corr ) and % IE of Clindamycin drug are summarized in (Tables 3 and 4 ). Values of % IE increases with increasing drug concentration (due to the increase of the surface coverage and due to the adsorption of drug molecule on the surface of SS304) and decreases with rising in temperature due to the increase of desorption of drug molecules from SS304 surface. The optimum concentration wanted to achieve an efficiency of 93% was found to be 300 ppm. In all cases, the increase in the inhibitor concentration was accompanied by a decrease in WL and an increase in the %IE. These results lead to the conclusion that the Clindamycin drug under investigation is a fairly efficient inhibitor for SS304 dissolution in HCl solution. 
Effect of Temperature
The effect of temperature on the corrosion parameters of SS 304 with the addition of Clindamycin drug was studied using WL method. A major advantage of this method is its relative simplicity and availability. The data of corrosion behavior of SS304 in 2 M HCl containing different concentrations of Clindamycin drug for 120 min in the temperature range 25-45°C were presented in (Table 4 ). Inspection of this Table reveals that the k corr of SS304 increases with increasing temperature. On the other hand, the IE of Clindamycin drug decreased with raising temperature Fig.2 . This suggests possible desorption of some of the adsorbed drug molecules from the metal surface at higher temperatures. Such behavior shows that the additives were physically adsorbed on the metal surface.
Arrhenius-type dependence is observed between corrosion rate and temperature often expressed as:
where E * a is the apparent activation energy, R is the universal gas constant, T is the absolute temperature, and A is the frequency factor. (6) where h is the Planck's constant and N is the Avogadro's number (Table 5 ). The increase in the E a * is proportional to the drug concentration, indicating that the energy barrier for the corrosion process is also increased [31] . The increase in the (H * ) in presence of the drug means that the addition of the Clindamycin drug to the acid solution increases the height of the energy barrier of the corrosion reaction to an extent depends on the type and concentration of the present Clindamycin drug. The adsorption of the drug molecules on the metal surface leads to a lower number of hydrogen atoms adsorbed on it; this will cause a decrease in hydrogen evolution rate rather than the rate of metal dissolution, because of the blocking of the surface of the metal by the drug molecules. 
Adsorption isotherms
Assuming the studied drug affect the rate of the corrosion process at most through the variation of the (θ). Consequently, the IE is a function of the electrode surface covered by the inhibitor molecules, i.e. θ = IE/100. Attempts were made to fit the relationship between θ and the bulk concentration of the inhibitor used at a certain given temperature in order to give an insight into the adsorption process. Several adsorption isotherms are commonly tried to characterize the inhibitor performance and the best fit was obtained using Langmuir isotherm, which assumes that the solid surface contains a fixed number of adsorption sites and each site holds one adsorbed species [32] in good agreement with the following equation (7):
where K ads is the equilibrium constant of the adsorption process. A plot of (C/ θ) versus (C) of Clindamycin drug at different temperatures is presented in Fig.5 suggests that there are no attraction or repulsion forces between the adsorbed molecules, since a linear relationship is obtained with a slope equal to unity and intercept equal to 1/K ads , The adsorption equilibrium constant being related to the standard free energy of adsorption (ΔG • ads ) by the relation (8):
where the constant 55.5 is the molar concentration of water in solution in M -1 . By applying Eq. 6, we obtain different values of ΔG• ads for the drug as a function of temperature in the domain 25-40 °C were obtained and are listed in (Table 6 ). The results of this Table showed (Table 6 ). • ads reveals that adsorption of the drug on SS304 surface from 2M HCl solution is an exothermic process, which implies that %IE for the drug decreases with the rise in temperature. Such behavior can be explained on the basis that temperature rise causes desorption of some adsorbed drug molecules on the SS 304 surface and hance lower protection was observed.
Figure 5. Langmuir adsorption isotherms for Clindamycin drug at different temperatures for SS304 in 2M HCl
Slika 5. Lengmirova adsorpciona izoterma za lek Klindamicin na različitim temperaturama za SS304 u 2M HCl Figure 6. Log K ads vs (1000/T) for corrosion of SS304 in 2M HCl in the presence of Clindamycin drug Slika 6. Log K ads VS (1000/T) za koroziju SS304 u 2M HCl u prisustvu leka Klindamicina
Potentiodynamic polarization (PP) measurements
The polarization curves for SS304 in 2 M HCl solution with and without Clindamycin drug are presented in Fig. 7 . i corr densities were obtained from polarization curves by linear extrapolation of anodic and cathodic branches of Tafel slopes. The (%IE) and (Ɵ) were calculated from equation 5
The electrochemical parameters such as corrosion potential (E corr ), corrosion current density (i corr ), anodic Tafel constant (b a ) and cathodic Tafel constant (b c ) are presented in (Table 7) . From the Fig.7 and (Table 7) one can see when the concentration of Clindamycin drug was increased, the i corr gradually decreased and the IE increased. The nearly steady values of (E corr ) and the decreases of corresponding partial anodic and , b c ) . Therefore, the addition of this drug blocked the active sites of the electrode surface and decreasing the surface area available for corrosion reaction [37] . Therefore the presence of various concentrations of Clindamycin drug does not alter the corrosion mechanism. The experimental findings of PP curves were in good agreement with the data obtained in case of WL. Fig.8 shows the Nyquist plot for SS304 in 2 M HCl in the absence and presence of different concentrations of Clindamycin drug at 25°C. This diagram has a semicircle appearance; it indicates that the corrosion of Clindamycin drug is mainly controlled by a charge transfer process. The Bode plot for the SS304 is shown in Fig. 9 where the high-frequency limit corresponds to electrolyte resistance R Ω , while the low-frequency limit represents the sum of (R Ω + R p ) where R p is the first approximation determined by both the electrolytic conductance of the oxide film and polarization resistance of the dissolution and passivation process. Various impedance parameter such as charge transfer resistance (R ct ), double layer capacitance (C dl ) and (% IE) was calculated and are given in (Table 8 ). The data obtained showed that the values of (R ct ) increase and the values of capacitance double layer (C dl ) decrease with increasing the concentration of the drug which accompanied with increasing (% IE), due to the adsorption of this drug molecule on the electrode surface leading to a film formation on SS304 surface. The obtained Nyquist impedance diagram in most cases does not show perfect semicircle. This may be attributed to the frequency dispersion as a result of the heterogeneity of the electrode surface [38, 39] . 
Figure 7. PP curves of SS304 corrosion with and without different concentrations of Clindamycin drug at 25ºC Slika 7. PP krive korozije SS304 sa i bez različitih koncentracija leka Klindamicin na 25ºC
Electrochemical impedance spectroscopy (EIS) measurements
Electrochemical frequency modulation (EFM) technique
EFM technique makes advantages of it an ideal candidate for online corrosion monitoring [40] . The great EFM strength is the causality factors which serve as an internal check on the validity of EFM measurement. The causality factors CF-2 and CF-3 are calculated from the frequency spectrum of the current responses. Figure (10) shows the EFM Intermodulation spectra (current vs. frequency) of SS 304 in HCl solution containing different concentrations of Clindamycin drug. The larger peaks were used to calculate the corrosion current density (i corr ), the Tafel slopes (b c and b a ) and the causality factors (CF-2 and CF-3). These electrochemical parameters were listed in ( Table  9 ). The data presented in ( Table 9 ) obviously show that the addition of Clindamycin drug at a given concentration to the acidic solution decreases the corrosion current density, indicating that this drug inhibits the corrosion of SS 304 in 2 M HCl through adsorption. The causality factors obtained under different experimental conditions are approximately equal to the theoretical values (2 and 3) indicating that the measured data are verified and of good quality. The %IE EFM increases by increasing the drug concentration. 1. AFM analysis AFM technique supplies photos with atomic or near-atomic-resolution surface topography which able to giving the surface roughness of coupons by the angstrom-scale. Atomic force microscopy (AFM) is a very higher resolution type of scanning probe microscopy on the order of fractions of a nanometer, more than 1000 times better than the optical diffraction limit [41] . Fig.12 shows the FTIR spectra of the Clindamycin drug. The finger print spectra of the stock drug and the SS304 surface after immersion in 2M HCl + 300 ppm of Clindamycin for 24 hours was obtained and compared to each other it was obviously clear that the same finger print of drug stock solutions present on 304 SS surface except the absence of some functional group and it suggested to be due to reaction with HCl. From Fig.12 there is a small shift in the peaks at SS304surface from the original peak of the stock drug solution, these shifts indicate that there is an interaction between SS 304 and the inhibitor molecule. 
Mechanism of corrosion inhibition
The adsorption of drug molecules can be attributed to the existence of polar unit having atoms of nitrogen and oxygen and aromatic/heterocyclic rings. Therefore, the possible reaction centers are unshared electron pair of hetero-atoms and л-electrons of the aromatic ring [42] . The adsorption and IE of drug molecules in 2 M HCl solution can be explained as follows: In aqueous acidic solutions, drug molecules exist either as neutral molecules or as protonated molecules and may adsorb on the metal/acid solution interface by one and/or more of the following ways: (i) electrostatic interaction of protonated molecules with already adsorbed chloride ions, (ii) interaction between unshared electron pairs of hetero-atoms and vacant d-orbital of iron surface atoms. The possible explanation of the inhibition is due to the adsorption process which is considered as the key to the mechanism of inhibition action. It might be proposed that the drug molecules adsorb on the steel surface either as a neutral molecule or as protonated one. This leads to a decrease of the surface area at which cathodic and anodic reactions take place. IE of the drug molecule depends on many factors [43] , which include the number of adsorption active centers in the molecule and their charge density, molecular size, and mode of interaction with metal surface [44, 45] . Shows a summary of the main results obtained with the use of different green inhibitors for mild steel in different acid environments. In all cases, including in this work, high-efficiency values, higher than 96% were obtained, which is very encouraging.
CONCLUSIONS
The Clindamycin drug acts as a good and efficient corrosion inhibitor for the corrosion of SS 304 in 2 M HCl solution. The IE decreases with rising of temperature but increases with increasing the dose of the drug. The inhibition of SS 304 corrosion by Clindamycin drug can be attributed to the adsorption ability of drug molecules onto the reactive sites of the metal surface. The adsorption of the drug on SS 304 obeys Langmuir adsorption isotherm. Polarization data indicate that the drug acts as a mixed-type inhibitor. AFM reveals the formation of a smooth uniform surface on SS 304 in the presence of the drug that indicates the formation of a good protective layer on the metal surface. The results obtained from different measurements gave consistent results.
